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Cough is crucial for airway clearance and depends on coordinated and forceful movements from several muscle groups, that is, inspiratory muscles to increase the lung volume, expiratory muscles to increase the thoracoabdominal pressure, and laryngeal muscles to coordinate glottic opening and closure. 1 Neuromuscular diseases (NMDs) can disturb these complex interactions, resulting in decreased peak cough flow (PCF) and thereby inadequate clearance of mucus from the airways. 2, 3 Accumulation of mucus can lead to pneumonia, which is the most frequent cause of death in this patient group. Therefore, prevention and treatment of accumulation of airway secretions are of vital importance in patients with NMD. 4 Mechanical insufflation-exsufflation (MI-E) is a therapeutic technique to assist cough mechanically by applying positive and negative pressure swings to the airways. Currently, it is the most effective technique to eliminate airway secretions in patients with muscle weakness caused by a wide variety of NMDs. 5, 6 The effectiveness of MI-E is based on enhancement of PCF to the level required to remove airway secretions. 2,3,7Y12 Some patients with bulbar-innervated muscle dysfunction, that is, intrinsic laryngeal weakness, are challenging to treat successfully with MI-E, particularly patients with amyotrophic lateral sclerosis. Although never verified in studies, it has been hypothesized that coordinated glottic movements are required for MI-E to be effective. 3 The larynx is a valve to the airways with three major functions: it controls airflow during respiration; it protects the lungs from aspiration; and, finally, it plays a key role in phonation. The laryngeal muscles are under voluntary and involuntary (reflex) control. 13 Abduction of the glottis is fundamental for free flow of air in and out of the lungs during respiration with the least possible resistance. The main laryngeal abductor is the posterior cricoarytenoid (PCA) muscle. The PCA muscle operates in a coordinated and phasic relationship with the diaphragm, meaning that diaphragmatic stimulation is coupled with increased activity of the PCA muscle, producing laryngeal abduction and thereby opening the laryngeal inlet. 14 Normal cough consists of three distinct laryngeal phases: (1) an initial abduction to allow airflow into the lungs; (2) a closing phase to allow building up the intrathoracic pressure; and (3) a secondary abduction of the vocal folds to allow high expiratory airflow. The expiratory phase of cough can also present with a varying number of sequential glottic closures. 15, 16 The laryngeal response patterns to MI-E have not been established. In what way and to what extent MI-E interferes with normal cough responses are basically unknown. Such knowledge is required to understand and possibly enhance the clinical effect of this treatment modality on airway clearance, which is vital to pulmonary health and quality-of-life in patients with NMD and bulbar-innervated muscle dysfunction. Before studying patients manifesting abnormalities, these issues must be investigated in healthy subjects.
The aim of this study was to investigate the feasibility of transnasal fiber-optic laryngoscopy (TFL) during MI-E and to describe normal laryngeal response pattern(s) to MI-E in healthy subjects.
METHODS
This was a cross-sectional observational study of 20 healthy medical students, recruited to demonstrate normal laryngeal response pattern(s) to MI-E using the Cough Assist (Respironics, Murrysville, United States) and video-recorded TFL. The Regional Committee for Medical Research Ethics approved this study, and informed written consent was obtained from all participants.
Pulmonary Function and Respiratory Strength
Spirometry was performed with the Vmax 22 (SensorMedics, Yorba Linda, United States). Forced vital capacity, forced expiratory volume in the first second, and peak expiratory flow were measured according to guidelines and transformed to percentages of predicted normal. 17, 18 PCF was measured using a hand-held peak flow meter (Vitalograph, Ennis, Ireland). Plateau values of the maximal inspiratory and expiratory muscle strength were measured in a seated position, using a respiratory pressure meter, the Micro RPM (Micro Medical Ltd, Rochester, England). The highest value from three or more attempts was recorded.
Video-Recorded Transnasal Fiber-Optic Laryngoscopy
TFL was used to visualize the laryngeal anatomy at rest and the laryngeal response pattern during the MI-E. Local decongestant (Rhinox) and anesthesia (Xylocain) sprays were applied to the nostrils to facilitate the introduction of the laryngoscope (Olympus ENF-P3, Tokyo, Japan), 3.5 mm in diameter, lubricated with a local anesthesia gel (Xylocain). The tip of the laryngoscope was positioned in the nasopharynx to ensure optimal visualization of the laryngeal area, including the epiglottis, the cuneiform tubercles, the aryepiglottic folds (AEFs), and the true vocal folds (TVFs). A modified face mask covering the mouth and the nose (UltraClear anesthetic face mask; Armstrong Medical, Coleraine, Northern Ireland) served to secure the laryngoscope and allowed for simultaneous use of the MI-E device. The laryngoscope was attached to a headset (custom made) and connected to a video camera system (Telecam; Karl Storz, Tuttlingen, Germany) to document the observations ( Fig. 1 ). Each examination was taped by two continuously running video recordings: (1) the endoscopic video from the TFL; and (2) an external video camera connected to a microphone to record sounds and to the control panel of the MI-E device, documenting the phases of insufflation and exsufflation from the manometer (Fig. 2 ). To ensure adequate technical video quality, the larynx was visualized on a television screen during the entire procedure.
Mechanical Insufflation-Exsufflation
A standardized MI-E protocol was prepared, consistent with procedures commonly applied during therapeutic use in patients with NMDs with a manifest cough problem. The MI-E device (Cough Assist) was used both in an automatic mode with applied mechanical insufflations/exsufflations (MI-E) and in a manual mode for applied mechanical insufflations (MIs) only, followed by a manually assisted cough (i.e., throracic thrust and instruction to cough). The automatic MI-E mode had the following settings: insufflation time of 2 secs, exsufflation time of 2 secs, and pause time (between exsufflation and next insufflation) of 1 sec. The protocol included 12 intervention arms, that is, various combinations of pressures, instructions, and manual thoracic thrusts ( Table 1) . Pressures of T20, T30, T40, and T50 cm H 2 O were used with instructions as follows:
(1) With MI-E: instruction to actively inhale (but not too deep) when insufflation was started and instruction to actively exhale when the device switched to exsufflation. (2) With MI-E: instruction to actively inhale (but not too deep) when insufflation was started and instruction to actively cough when the device switched to exsufflation. (3) With MI: instruction to actively inhale (but not too deep) when insufflation was started and instruction to actively cough while the subjects received manually assisted thoracic thrusts.
Each intervention arm was repeated three to five times to secure good-quality video recordings. After each intervention arm, a quick break was held to prevent hyperventilation.
Assessment and Analysis of the Observations
The video recordings from each subject were edited into a video file including 12 film clips based on representative shots of each intervention arm. In the video evaluation, the MI-E cycles were cut into three phases of interest: the insufflation, the pressure drop, and the exsufflation or a voluntary cough with no negative pressure applied. The onset and the offset of each phase were observed and defined from the parallel video recording of the MI-E manometer. An observation scheme was prepared, and the video recordings were reviewed and evaluated in real time and also in slow motion: all the observed movements at the laryngeal level were assessed and related to an individual observation scheme (described movement occurs: yes/no). The video recordings were assessed by two persons (T. Andersen and M. Hilland).
Statistical Analysis
Data from the assessment were stored and later processed in Excel for Windows Office version 2010 (Microsoft, Redmond, WA) and in the Statistical Package for the Social Sciences (Statistical Package for the Social Sciences Inc, Chicago, IL) for Windows version 18.0 for statistical processing. Baseline characteristics are presented as descriptive statistics in the tables with means and standard deviations. Quantitative data of the laryngeal movements during the MI-E are presented as percentages with the described movements.
RESULTS
All participants (8 men and 12 women) completed all examinations according to plan. At baseline, some heterogeneity of the laryngeal anatomy was observed, although within normal limits for all. The sample demographics, presented as mean T standard deviation, are as follows: age, 24.2 T 1.9 yrs; body mass index, 22.6 T 2.0 kg/m 2 ; forced vital capacity, 106.7% T 8.5% of predicted; forced expiratory volume in the first second, 99.1% T 13.0% of predicted; peak expiratory flow, 102.2% T 15.6% of predicted; PCF, 501.0 T 100.7 liters/min; maximal 
Feasibility of the Video-Recorded TFL
Visualization of the larynx with TFL did provide a good overview of the larynx, and it was possible to observe movements of the laryngeal structures throughout the complete MI-E intervention. Both the laryngeal images and the pressure swings could be evaluated in a synchronized fashion because the examinations were recorded with two continuous videos running in parallel, showing the laryngeal structures and the pressure settings on the same screen.
Description of the Observations
A variety of laryngeal movements were observed: abduction and adduction of the TVFs; medial and lateral rotation of the cuneiform tubercles, which were accompanied by the adduction and the abduction of the AEFs; retroflex movement of the epiglottis; hypopharyngeal constriction; and a backward movement of the tongue base (see visual demonstration of the main findings in Video 1 [Supplemental Digital Content 1], at http://links.lww.com/PHM/A68). Generally, the larynx tended to move upward (cranially) during cough combined with applied exsufflation.
Movements of the Laryngeal Structures During Insufflation
The TVFs initially abducted in all subjects during the insufflation phase, regardless of the pressure settings and the instructions. Abduction of the AEFs was observed in parallel to the abducting movement of the TVFs in a majority of the subjects. Subsequent to the initial opening of the TVFs, a variety of movements were observed during the insufflation time frame. Retroflex movement of the epiglottis was observed in some subjects, partially occluding the laryngeal inlet as illustrated in Video 2 (Supplemental Digital Content 1, at http://links.lww.com/PHM/A68). In some subjects, this was a very rapid movement, which could only be observed in slow motion, whereas in others, this movement lasted through out the insufflation time frame. In addition, a backward movement of the tongue base, subsequent narrowing of the TFVs, and adduction of the AEFs were observed during insufflation in some study subjects ( Table 2 ).
Movements of the Laryngeal Structures During the Pressure Drop
Generally, during the prompt phase of the pressure drop, when the device switches from the preset positive pressure to the preset negative pressure, T20  T30  T40  T50  T20  T30  T40  T50   Initial abduction of the TVFs  100  100  100  100  100  100  100  100  Subsequent adduction of the TVFs  5  10  10  20  10  10  25  20  Initial abduction of the AEFs  85  90  85  90  85  85  80  90  Subsequent adduction of the AEFs  20  20  20  20  15  15  25  25  Retroflex movement of the EG  30  30  25  45  35  40  35  35  Backward movement of the BT  25  35  40  50  15  25  45  45 Figures are percentage of the sample with the described response, total n = 20. BT indicates base of the tongue; EG, epiglottis.
the instruction to cough resulted in rapid closing of the TVFs, which was reinforced by medial rotation of the cuneiform tubercles accompanied by adduction of the AEFs. The instruction to actively exhale resulted in a continuation of the abduction of the TVFs and the AEFs from the insufflation phase.
Other laryngeal movements were observed infrequently. A high-standing epiglottis precluded a good view of the AEFs in one subject, and movements of the AEFs could therefore be evaluated in only 19 of 20 subjects (Table 3 ).
Movements of the Laryngeal Structures During Exsufflation
Once the preset negative pressure was achieved and displayed on the manometer, abduction of the TVFs was noted in all subjects, regardless of the size of the applied negative pressures and the instructions given ( Table 4 ). After this initial opening of the TVFs, a variety of movements were observed during the exsufflation phase, as presented in Table 4 . The exsufflation phase appeared with repetitive glottic closures in most of the subjects. A range of one to six glottic closures were observed during the cough maneuver with exsufflation, and a range of one to three glottic closures were observed during the exhale maneuver with exsufflation. A gradual narrowing of the TVFs was observed after the initial opening, both when instructed to exhale and to cough. This phenomenon was observed predominantly during the high negative exsufflation pressures of j40 and j50 cm H 2 O. Hypopharyngeal constriction was observed most frequently during exsufflation when instructed to cough. A relatively pronounced reduction of the hypopharyngeal space could be observed in the subjects with hypopharyngeal constriction, as illustrated in Table 4 and in Video 3 (Supplemental Digital Content 1, at http://links.lww.com/PHM/A68).
Movements of the Laryngeal Structures During Manually Assisted Cough with No Exsufflation Applied
Hypopharyngeal constriction was observed somewhat less frequently during cough with no negative pressures applied, compared with cough with applied negative pressures (see Table 5 )
DISCUSSION
This study confirms that video-recorded TFL is a possible, feasible, and well tolerated method to describe and characterize laryngeal movements throughout an MI-E protocol in healthy subjects. The laryngeal responses to MI-E were heterogeneous, and the findings suggest that laryngoscopy may be of value when applying this treatment modality in patients. However, the examination presented some challenges. The larynx tended to move upward during the MI-E cycle, a phenomenon that required adjustments of the position of the laryngoscope. In some subjects, anatomic characteristics can preclude visual access, such as a high-standing epiglottis. Although TFL is performed without sedation with little discomfort and virtually no risk, it is nevertheless an invasive maneuver that can irritate the upper airways and induce some discomfort. The latter may also influence the results because it may affect laryngeal movements. Still, all participants completed the examination and indicated afterward that it had been more gentle than expected.
Insufflation
The initial laryngeal response to insufflation was opening of the TVFs in all study subjects. There after, a variety of movements were observed during the insufflation time frame. Initiated by an instruction to inhale, this opening of the glottis during insufflation may be related to the phasic relationship that exists between the diaphragm and the PCA muscle, 14 facilitating glottic abduction before inspiration. A subsequent narrowing of the TVFs and mild adduction of the AEFs were observed in some subjects at high insufflation pressures, even if actively inhaling. This may be similar to the observations made by Jounieaux et al., 19 who found that positive-pressure ventilation in healthy and awake subjects tended to result in progressive glottic narrowing, increasing the inspiratory resistance and thereby progressively reducing the fraction of air delivered to the lungs. 19 Adducting movements during insufflation may be a reflexive laryngeal response, protecting the airways from high positive pressures. 13 Alternatively, the adducting response may be related to aerodynamics explained by the Bernoulli principle and the Venturi effect, that is, increasing flows generating increasing negative pressures inside the laryngeal lumen, sucking the laryngeal structures inward. 20 During continuous positive airway pressure treatment, the epiglottis has been shown to be pressed into the laryngeal inlet (with pressure of 4Y7 cm H 2 O) in patients with multiple-system atrophy. 21 The authors explained the phenomenon with the Bernoulli principle. 20 In the present study, MI-E is used with considerably higher pressures, which may make the Bernoulli principle during MI-E even more relevant. Adduction of the TVFs and the AEFs as well as hypopharyngeal narrowing, retroflex movement of the epiglottis, and a backward movement of the tongue base may all be factors that contribute to a decrease in the hypopharyngeal and the laryngeal lumen, which, in turn, will increase the negative intraluminal pressure and thereby further aggravate the situation.
Exsufflation
All participants opened their TVFs when exsufflation was applied. Repetitive glottic closures were observed in the majority when instructed to cough, both with and without exsufflation. This pattern is similar to the expiratory phase of normal cough, 15 where repetitive glottic closures cause more turbulent flow, which may be crucial for the effect of cough because the pressure swings and turbulence shear the secretions from the airway walls and thereby move secretions upward. 3, 22 When instructed to exhale instead of to cough, the glottis remained open regardless of the magnitude of the applied negative pressure. The maneuver of exhaling during exsufflation may resemble the forced expiratory technique, which is widely used to remove secretions from the upper airways in patients with pulmonary diseases. It is considered an effective and gentle maneuver and an alternative to voluntary cough maneuvers. 23 The results of this study indicate that the larynx remains more open during exsufflation when instructed to exhale than when instructed to cough during exsufflation. It remains to be studied whether the instruction to exhale during MI-E is functional in terms of shearing secretions and generating sufficient expiratory airflow to expel the secretions. However, some subjects were observed to have repetitive glottic closures when instructed to exhale (i.e., not cough) during exsufflation, and these movements increased with increasing negative pressures. This may suggest that negative pressures may provoke glottic closures, possibly reflexive by nature.
Hypopharyngeal constriction was observed particularly when instructed to cough in combination with exsufflation. Visually, these constrictive movements seemed to be dynamic as if performed by a sphincter. The narrowing of the TVFs and hypopharyngeal constriction seemed to be more pronounced with high negative pressures, possibly indicating a relation between high negative pressures and hypopharyngeal constriction. Thus, for any particular user, increasing pressures beyond a certain point may be counterproductive.
It has been suggested that a single deep insufflation delivered by the MI-E device combined with a manually assisted cough may be beneficial to patients with amyotrophic lateral sclerosis with bulbarinnervated muscle dysfunction. 22, 24 In this study, manually assisted cough without negative pressure, cough with negative pressure, and active exhalation with negative pressure responded similarly with respect to the observed laryngeal movements. The impression was that there was less hypopharyngeal constriction during cough without negative pressures compared with cough with negative pressures. This is an important issue to investigate further.
To the authors' knowledge, the laryngeal response during exsufflation has not been reported previously, but there are some studies that have examined the structures located above the larynx during application of negative pressures. Sancho et al. 3 found varying degrees of closure of the nasopharynx, retraction of the uvula, and reduction of the lateral diameter of the pharynx during an exsufflation phase of j40 cm H 2 O. Another study proposed that a negative pressure of j3 to j5 cm H 2 O during expiration produces reflex activation of the genioglossus muscle at the pharyngeal level. 25, 26 With increasing negative pressures up to j35 cm H 2 O, the response of the genioglossus muscle reflex was more pronounced. Negative pressures of j25 and j35 cm H 2 O with an open glottis caused more pronounced activation of the geniglossus muscle compared with when the glottis was closed. 27 Because this study examined healthy volunteers, the authors' observations of hypopharyngeal constriction may be associated with the laryngeal muscle activity during an active cough maneuver, similar to descriptions by Britton et al., 16 a squeezing of the pharyngeal walls during the expiratory phase of a normal cough. Kuna and Vanoye 28 reported marked activation of the intrinsic laryngeal muscles during forced expiration; both the PCA muscle and the adductor muscles in the larynx were active.
To summarize, one may speculate that healthy persons manage to voluntarily initiate an opening of the glottis during exsufflation, but application of a negative pressure, alone or in combination with an active cough maneuver, produces muscular and/or reflex activity that may lead to increased intrinsic constriction of the hypopharyngeal space.
The Importance of the Given Instructions and Pressure Settings
This study indicates that there is a relation between instructions and the coordination of the glottis. To the authors' knowledge, effects from clinical instructions used to guide patients during MI-E treatment have not been studied. However, it has been described that the therapist should indicate when insufflation commences and that the patient should coordinate his/her cough when the MI-E device switches to exsufflation. 29 This form of cooperation with the assistance offered by the MI-E device may initiate neuromuscular responses, priming the larynx for the upcoming events. The present findings could have been different if the instructions had been absent or more passive, for example, Bjust let the air flow in your lungs.[ In everyday clinical practice, patients are instructed to actively participate during the procedures.
A relatively wide range of pressure settings were used. High MI-E pressures may be required to obtain adequate PCF, but high pressures also seemed to generate reflex mechanisms or initiate processes that lead to disadvantageous laryngeal anatomic alterations. The quite frequently observed retroflex movement of the epiglottis during insufflation and the hypopharyngeal constriction during exsufflation indicate this, both observations possibly preventing achievement of adequate PCF. In patients with intrinsic laryngeal weakness, such obstruction from laryngeal structures may become even more important. Thereby, MI-E may not be thought of as a device that simply Bfills up[ and Bempties[ the lungs of air. This study certainly suggests that therapists should use an individualized approach when using the MI-E treatment, both as regards pressure and time settings and instructions to patients.
The authors conclude that the larynx can be studied with transnasal laryngoscopy during MI-E in healthy individuals. Laryngeal responses vary, and laryngoscopy may offer valuable clinical information when applying MI-E in patients with bulbarinnervated muscle weakness.
